Insects and fungi share a long history of association in various habitats, including the wood-decomposition niche [1] . Fungal mimicry of termite eggs is one of the most striking evolutionary consequences of insect-fungus association [2, 3] . Termites of the genus Reticulitermes often harbor fungal sclerotia, called ''termite balls,'' along with eggs in nursery chambers, whereby the fungus gains a competitor-free habitat in termite nests. Sophisticated morphological and chemical camouflage are needed for the fungus to mimic termite eggs [3] . However, the mechanism of chemical egg mimicry by the fungus is unknown. Here, we show that the fungus mimics termite eggs chemically by producing the cellulose-digesting enzyme b-glucosidase. We found that the termite egg-recognition pheromone consists of b-glucosidase and lysozyme. Both enzymes are major salivary compounds in termites and are also produced in termite eggs. Termite balls were tended by termites only when the fungus produced b-glucosidase. Our results demonstrated that the overlap of the cellulose digestion niche between termites and the fungus sharing the same chemicals provided the opportunity for the origin of termite egg mimicry by the fungus. This suggests that pheromone compounds might have originally evolved within other life history contexts, only later gaining function in chemical communication.
Insects and fungi share a long history of association in various habitats, including the wood-decomposition niche [1] . Fungal mimicry of termite eggs is one of the most striking evolutionary consequences of insect-fungus association [2, 3] . Termites of the genus Reticulitermes often harbor fungal sclerotia, called ''termite balls,'' along with eggs in nursery chambers, whereby the fungus gains a competitor-free habitat in termite nests. Sophisticated morphological and chemical camouflage are needed for the fungus to mimic termite eggs [3] . However, the mechanism of chemical egg mimicry by the fungus is unknown. Here, we show that the fungus mimics termite eggs chemically by producing the cellulose-digesting enzyme b-glucosidase. We found that the termite egg-recognition pheromone consists of b-glucosidase and lysozyme. Both enzymes are major salivary compounds in termites and are also produced in termite eggs. Termite balls were tended by termites only when the fungus produced b-glucosidase. Our results demonstrated that the overlap of the cellulose digestion niche between termites and the fungus sharing the same chemicals provided the opportunity for the origin of termite egg mimicry by the fungus. This suggests that pheromone compounds might have originally evolved within other life history contexts, only later gaining function in chemical communication.
Results and Discussion
Cellulose in the form of dead plants is a superabundant potential resource, although digesting it is not an easy task for most animals. Termites have developed cellulose digestion capabilities with both symbiotic [4] and endogenous [5] cellulases that allow them to use dead plants as food resources. This wood-decomposition niche was occupied by various microorganisms, including bacteria, fungi, and protozoa, before the ancestors of termites began exploiting it. In this sense, termites live in the world of microorganisms, and how they coexist with various microorganisms is one of the most important selection pressures on termites [6] [7] [8] [9] [10] . The interactions between termites and microorganisms vary from total dependence of the termite on the microorganism for food at one end of the spectrum to total dependence of the microorganism on the termite at the other, with many degrees of mutualism in between. Termite egg mimicry by parasitic fungi is a phenomenon representative of the great diversity of termite-fungal interactions [2, 3] . Mechanism of recognition is essential to the evolution of parasitic interactions between species. Chemical mimicry is a wellknown strategy for various social parasites because social insects rely heavily on chemical communication for many aspects of their social interactions, including recognition of colony members [11, 12] . Here we report the chemical control of insect social behavior by a fungus.
In their microorganism-rich habitat, termite eggs cannot survive without protection by workers [2] . Soon after being laid by queens, eggs are carried into nursery chambers and frequently groomed by workers, whereby they are coated with saliva, which contains antibiotic substances that protect the eggs from desiccation and pathogenic infection. Brown fungal balls, called ''termite balls,'' are often found in egg piles of various termite species ( Figure 1A ). Termite balls tended by Reticulitermes termites are sclerotia of an athelioid fungus (Basidiomycota, Agaricomycotina) of the genus Fibularhizoctonia [2] . To date, this egg-mimicking fungus has been found in four Reticulitermes termites in Japan (R. speratus, R. kanmonensis, R. amamianus, and R. miyatakei) and four species in the United States (R. flavipes, R. virginicus, R. hageni, and R. malletei) [13, 14] . The number of termite balls sometimes exceeds the number of true eggs in egg piles. Most of termite balls are inhibited from germination in egg piles, whereas the fungus rarely consumes the eggs in natural colonies [3] . Old termite balls become shrunken and deformed. Such old, deformed termite balls are removed from egg piles and thrown in the corner of the nest as garbage. The dumped termite balls germinate and grow in the nest ( Figure 1B) , and newly formed termite balls are carried into egg piles. Thus, the termite ball fungus is able to live in the termite nest, where the other naturally occurring fungi hardly access due to the antifungal defense of termites (e.g., [9, 10] ). Egg mimicry provides a nearly competitor-free habitat for the fungus. Termites exclusively tend termite balls both with diameters that exactly match their egg size and with smooth spherical surface [3] . Unlike other sclerotiumforming fungi, termite balls have an extremely stable size corresponding to the size of the termite egg, and they have lost the outer shell-like layer and thus have acquired a smooth surface as a morphological adaptation for egg mimicry. However, they are easily killed by desiccation as they have lost desiccation resistance as a cost of morphological mimicry [3] . This fungus relies on termites for defense against desiccation and other microorganisms, where frequent grooming by workers keeps the survival rate of the termite balls at almost 100% [2] . The evidence obtained to date indicates that the interaction is parasitic, in that it is beneficial for the fungus but costly for the host termites at least in a short term. In this sense, the termite ball fungus is a fungal cuckoo, so to speak, which takes advantage of brood care of host species by mimicking eggs.
In addition to morphological mimicry, chemical camouflage is also needed for the fungus to be recognized as eggs by termites [3] . The antibacterial protein lysozyme (EC 3.2.1.17) is the egg-recognition pheromone in termites [15] . However, lysozyme cannot explain chemical mimicry by the fungus because lysozyme production by the fungus was not observed under the culture conditions employed (Figure 2A ). In addition, lysozyme alone cannot fully explain the high pheromone activity of termite saliva and termite egg extracts ( Figure 2B ). Therefore, we postulated that another major component of the egg-recognition pheromone remains to be identified and might explain chemical mimicry by the fungus. To determine whether lysozyme is the single chemical component of the termite egg-recognition pheromone, we first obtained pure (C) Comparison of mycelial growth of 2-week-old fungal colonies cultured on minimal media (1.34% yeast nitrogen base, 4 3 10%-5% biotin, 4 3 10%-3% histidine) either with 1% cellobiose or 1% glucose, or without sugar as a negative control. This shows that the fungus produces b-glucosidase, which is the enzyme to digest cellobiose into glucose. (D) Scheme of candidate protein screening based on the concept of chemical overlap in the wood-decomposition niche. The observation that the saliva of the wood-feeding cockroach has high termite-egg-recognition pheromone activity suggests that the target protein is a fundamental enzyme of wood feeders. Lysozyme is located in area W (aXbXgXd c ), where it is produced by termites and wood-feeding cockroaches but cannot be produced by the fungus. The cellulose-digesting enzyme b-glucosidase remains in area X (aXbXgXd). (C) Structure of Rs-Lys2 cDNA and a transfer vector (left). The vector, pV23, contains the baculovirus homologous sequence including E-vp39 gene promoter fused to Rs-Lys2 cDNA. Amp r and FLAG represent ampicillinresistance gene and FLAG tag, respectively. Western blot (right) for the purified termite lysozyme. S, hemolymph sample from larvae infected with recombinant pV23-RsLys2; FT, flow-through fraction; W, wash fraction; E1, the first elution fraction; E2, the second elution fraction. The amount of sample loaded (ml) was shown on each lane. Lysozyme alone cannot fully explain termite egg recognition pheromone and egg mimicry by the fungus.
termite lysozyme by using the baculovirus-silkworm larvae Bombyx mori protein expression system ( Figure 2C ). A sufficient amount of termite lysozyme was expressed in silkworm larvae and then purified with anti-FLAG affinity gel (SigmaAldrich; Figure 2C ). The termite lysozyme produced in the silkworm expression system showed significant termite egg-recognition pheromone activity ( Figure 2B ). However, its pheromone activity was not significantly different from that of hen egg lysozyme. Regardless of its origin, lysozyme alone cannot achieve egg-recognition activity as high as that of crude pheromone extract from termites.
These observations raise questions regarding the nature of the other component(s) of the egg-recognition pheromone. The target chemical must fulfill the following requirements.
(1) It must be a component of termite saliva and eggs because their extracts show high pheromone activity at the same level ( Figure 3A) . (2) The target chemical is a protein because its pheromone activity disappears completely after proteinase digestion [15] . (3) The target protein should also be produced by the fungus to mimic termite eggs. To screen for candidates from salivary proteins, we first examined cross-species activity of egg-recognition pheromone obtained from the salivary glands of five different lower termite species. The eggrecognition bioassay revealed that all salivary gland extracts from R. miyatakei, R. kanmonensis, Coptotermes formosanus (Rhinotermitidae), Cryptotermes brevis (Kalotermitidae), and Hodotermopsis sjostedti (Termopsidae) showed egg-recognition activity for R. speratus as high as the saliva of the parent species (see Figure S1 available online). When considering the evolution of termites, it is important to note that termites are a eusocial form of cockroach [16, 17] . Modern species of termites and wood-feeding cockroaches should therefore share some ancestral traits. We found that even the salivary gland extracts of the wood-feeding cockroach Panesthia angustipennis spadica (Blattaria: Blaberidae) showed strong termite egg-recognition pheromone activity ( Figure 3A ). This observation suggests that their common ancestors already had the target protein in their saliva for some life history function other than as an egg-recognition pheromone before the origin of eusociality. When considering the evolution of fungi, it is also important to note that the phylogenetic position of the termite ball fungus is located in the decay fungus genus Athelia [2] . Indeed, termite ball fungus grows on the termite nest material, indicating that the fungus can obtain energy and nutrition from wood ( Figures 1B and 1C) .
Our candidate protein screen based on evolutionary reasonability and pheromone bioassays limited the target protein to cellulose-digesting enzymes ( Figure 1D ). Both termites and wood-feeding cockroaches produce the endogenous cellulose-digesting enzymes endo-b-1,4-glucanase (EC 3.2.1.4) and b-glucosidase (EC 3.2.1.21) in their salivary glands [5, 18, 19] , although cellulose digestion was previously thought to rely solely on microbial gut symbionts. These cellulose-digesting enzymes appear not to be a common necessity of insect eggs. However, the target protein must also be produced in termite eggs to act as an egg-recognition pheromone. Reverse transcriptase polymerase chain reaction (RT-PCR) with primers specific for the endo-b-1,4-glucanase of Reticulitermes [19] showed that endo-b-1,4-glucanase genes are not expressed in eggs, whereas their expression was observed in worker salivary glands ( Figure S2 ). Indeed, endo-b-1,4-glucanase standard alone showed no pheromone activity (p > 0.05, Tukey's HSD test). By contrast, enzymatic activity of b-glucosidase was detected in both the salivary glands and eggs ( Figure 3B ). TokyoGreen-bGlu (Sekisui Medical) is an excellent novel probe for b-glucosidase, which has a number of advantages over previously used probes, especially in terms of sensitivity and for real-time imaging of living cells [20] . Experiments using this fluorescent probe confirmed the existence of b-glucosidase in the salivary glands, eggs, and hindgut of termites ( Figure 4A ). The primary function of b-glucosidase as a cellulose-digesting enzyme can explain its presence in salivary glands and the hindgut but cannot explain its localization in eggs. We did not detect b-glucosidase in the eggs of Argentine ants (Linepithema humile) used as a negative control ( Figure 4A ), indicating that it is not a common developmental necessity for insect eggs. Thus, the production of b-glucosidase in eggs in termite queen ovaries strongly suggests its secondary function as an egg-recognition pheromone.
As predicted, b-glucosidase standard showed strong eggrecognition pheromone activity ( Figure 3C ). Perfect pheromone activity was achieved with a mixture of b-glucosidase and lysozyme standards, whereas even b-glucosidase alone showed relatively high pheromone activity. No other common insect salivary enzyme [21] , including endo-b-1,3-glucanase (EC 3.2.1.6), a-amylase (EC 3.2.1.1), a-glucosidase (EC 3.2.1.20) , and a-galactosidase (EC 3.2.1.22), showed significant termite egg-recognition pheromone activity compared with the negative control (p > 0.05, Tukey's HSD test). We found that the wood-feeding cockroach had both b-glucosidase ( Figure 3B ) and lysozyme ( Figure 2A ) in its salivary glands, which explains why the egg-recognition pheromone activity of wood-feeding cockroach saliva was as high as that of termite saliva ( Figure 3A ). In addition, saliva of cockroach larvae showed higher b-glucosidase activity than that of adult cockroaches ( Figure 3B ), which was consistent with the observation that larval saliva had higher pheromone activity than adult saliva ( Figure 3A) . We conclude that the termite egg-recognition pheromone consists of b-glucosidase and lysozyme, although we do not completely deny the possibility of other minor chemical compounds involved in termite egg recognition.
To determine whether the termite ball fungi mimic termite eggs by producing b-glucosidase, we examined b-glucosidase production by the fungus and tested its function in chemical mimicry. Production of b-glucosidase, which is a common fungal enzyme, has been reported in various fungi including the sclerotium-forming fungus Sclerotium rolfsii [22] , which is closely related to the termite ball fungi. We found that the termite ball fungus produces b-glucosidase conditionally; the fungus produced only a marginally detectable amount of b-glucosidase when cultured on plain potato dextrose agar (PDA), whereas addition of termite nest material to PDA markedly increased b-glucosidase production by the fungus ( Figure 4B ). The fluorescent probe confirmed the existence of b-glucosidase on the surface of termite balls produced on PDA with nest material ( Figure 4A ). There were no morphological differences between termite balls produced on PDA with and without nest material. This conditional enzyme production seems likely because b-glucosidase production is inhibited in the absence of the substrate of the enzyme but with sufficient amounts of other nutritional resources. In fact, addition of 1% cellobiose, the substrate of b-glucosidase, also promoted b-glucosidase production. Conditional production of b-glucosidase provided the ideal opportunity to examine whether this enzyme can explain chemical egg mimicry by the fungus. The extracts of termite balls showed egg recognition activity only when they contained b-glucosidase ( Figure 4B ). The conditional acceptance of termite balls by termites in accordance with b-glucosidase production by the fungus is compelling evidence that the termite ball fungi mimic termite eggs by producing this enzyme. Our results were parsimonious with the evolution of chemical signals involved in within-colony social communications and in interspecific associations. The primary functions of the pheromone components, lysozyme and b-glucosidase, are as an antibacterial defense agent and digestion enzyme, respectively. Termites have evolved to use the pre-existing chemicals on the egg surface as an egg-recognition signal, without the evolution of any additional specific chemical for this purpose. b-glucosidase in termite eggs might still have any practical function (e.g., egg shell formation) because b-glucosidase is an essential enzyme for oothecal formation in other dictyopteran insects including mantis [23] . Secondary use of chemical compounds that have evolved for other primary functions can be seen in various social insects [24, 25] . It is notable that both lysozyme and b-glucosidase are enzymes that hydrolyze b-1,4 glycosidic linkages. In addition, termites cannot distinguish the enzymes from different origins based on differences in amino acid sequence. For example, termite lysozyme shows approximately 40% amino acid similarity with hen egg lysozyme [15] . Even a mixture of hen egg lysozyme and almond b-glucosidase showed perfect pheromone activity. We confirmed that heat inactivation of enzymes did not significantly affect their pheromone activity, suggesting that the pheromones are not the products of digestion but the enzymes themselves ( Figure S3 ). However, our results do not rule out the possibility that other supporting compounds are involved in termite egg recognition. In the bioassay, dummy eggs were coated with the b-glucosidase standard at the concentration of 1 mg/bead (7.6 mU/bead), whereas the amount of b-glucosidase detected in each termite egg was 0.013 mU/egg. Future quantitative approaches are needed to understand the relative function and the recognition specificity of each compound.
When considering the evolutionary process of chemical mimicry, it is important to note that the fungus originally had the potential to produce the pheromone substance for use as an enzyme for cellulose digestion. This would have served as an important preadaptation for the evolution of termite-egg mimicry by the fungus. Social insect colonies have evolved diverse defensive strategies to prevent parasite invasion [25] . However, once a way to overcome these defenses has been established, it can be an ideal environment for parasites providing a stable competitor-free habitat. Recently, another egg-mimicking fungus Trechispora sp. (Basidiomycota, Agaricomycotina) was found in the higher termite Nasutitermes takasagoensis, indicating that egg mimicry has evolved at least twice independently (K.M. and T.Y., unpublished data). Egg mimicry, by which the fungus can easily gain access to the center of the nest, seems to be an evolutionary loophole around antiparasite defense in termites. Striking similarities can be seen in the parasitic interaction between Maculinea butterfly and Myrmica ant, where chemical larval mimicry plays a role as a signal to be picked up outside the nest and actively brought into the colony by ants [26] . Recent cost-benefit analyses of aphid-ant [27] and lycaenid-ant [28] interactions have demonstrated that even apparently peaceful mutualisms involve many potential conflicts. In the Lasius ant-Stomaphis aphid mutualism, ant workers bring aphid eggs into the nest and groom the eggs to protect them against pathogenic fungi [29] . Even in such a mutualistic interaction, egg tending by ants may be the result of the aphids manipulating the ants. To understand the evolution of chemical mimicry for social parasitism, we should carefully consider the net outcome of the interaction not only in the short term but also in the long term, frequency of the interaction in the host populations, and preadaptation of parasites, as well as the mechanism of recognition.
Experimental Procedures
Egg-Recognition Bioassay The workers, queens, and eggs used here were collected from R. speratus colonies in Okayama, Japan. To examine egg-recognition pheromone activity of extracted chemicals, we used dummy eggs made of glass beads coated with each test chemical as described previously [15] . Extraction of crude egg-recognition pheromone from the salivary glands of workers and eggs were carried out by a previously published method [15] . Dummy eggs consisting of 0.5 mm glass beads coated with 1.0 mg/bead of each test chemical were used in egg recognition bioassays. We randomly arranged ten eggs and 20 dummy eggs on moist unwoven cloth in a Petri dish, and ten workers were released in the dish. Acceptance rates were determined by counting the number of dummy eggs carried into egg piles. Eggs used for chemical extraction and enzyme detection were obtained from the ovaries of queens to avoid contamination by enzymes from worker saliva. The egg-recognition bioassay was replicated four times for each of the two R. speratus colonies unless otherwise stated. Piling rates were arcsine-square-root-transformed and analyzed by two-way ANOVA followed by Tukey's HSD test for multiple comparisons if ANOVA indicated a significant difference. Termite species for the study of cross-species pheromone activities were collected in Okayama (C. formosanus and C. brevis), Yamaguchi (R. kanmonensis), and Amami Island (R. miyatakei and H. sjostedti) in Japan. Colonies of the wood-feeding cockroach Panesthia angustipennis spadica were collected in Takahashi, Okayama, Japan. We also examined pheromone activity of following enzyme standards: lysozyme (EC 3.2.1.17, from hen egg, #L7651, Sigma-Aldrich), b-glucosidase (EC 3.2.1.21, from almond, #G0395, Sigma-Aldrich), endo-b-1,4-glucanase (EC 3.2.1.4, from Trichoderma viride, #C1794, Sigma-Aldrich), endo-b-1,3-glucanase (EC 3.2.1.6, from Aspergillus niger, #49101, BioChemica), a-amylase (EC 3.2.1.1, from Bacillus sp. #A6380, Sigma-Aldrich), a-glucosidase (EC 3.2.1.20, from Bacillus stearothermophilus, #G3651, Sigma-Aldrich), and a-galactosidase (EC 3.2.1.22, from Mortierella vinacea, #100560, Hokkaido Sugar Company). Purified termite lysozyme expressed in the B. mori-baculovirus system and enzyme standards were dialyzed (MWCO 3500) against distilled water to remove buffer salts before use to avoid interference with egg recognition [15] .
Lysozyme Assay
Termite balls harvested from potato dextrose agar plates were homogenized by grinding with a mortar and pestle in 0.1 M phosphate buffer (pH 6.0) on ice and then centrifuged at 20,000 3 g for 10 min at 4 C. The supernatant was used as the enzyme extract. The lytic activity of enzyme extract was measured against Micrococcus lysodeikticus (Sigma-Aldrich) suspended in the phosphate buffer. Lysis of M. lysodeikticus was measured at 450 nm with a spectrophotometer (SmartSpec Plus, BioRad). One unit of the activity was defined as the amount of enzyme decreasing the absorbance at a rate of O.D. 0.01/min. Phosphate buffer (pH 3.6) was used for the salivary gland extracts of the wood-feeding cockroach instead of pH 6.0 because the optimum pH of wood-feeding cockroach lysozyme was 3.6. Extracts of salivary glands of termite workers and wood-feeding cockroach larvae were used as positive controls. Five individual equivalent and 1/3 individual equivalent of salivary gland extract were used in each assay for termites and wood-feeding cockroach, respectively. Only extraction buffer was added to the reaction mixture in the negative control. Assay was replicated three times for each treatment.
Expression of Termite Lysozyme in Silkworm-Baculovirus System
To obtain sufficient amounts of termite lysozyme for the egg-recognition bioassay, we used the Bombyx mori-baculovirus expression system. Termite lysozyme cDNA (Rs-Lys2) [30] was cloned and ligated into the baculovirus transfer vector pV23. Total RNA was extracted from the salivary glands of 50 worker termites with NucleoSpin RNA II (Macherey-Nagel), and one-step RT-PCR was performed with a kit (QIAGEN) and the primers 5 0 -CTCGAGATGGACGTGAGAAATTCTCCGAT-3 0 and 5 0 -TCTAGAACGAAA ACTGGAATTACGACCACA-3 0 according to the manufacturer's protocol. The amplified PCR product encoding Rs-Lys2 with the putative native signal peptide was subcloned with a TOPO TA cloning kit (Invitrogen). The plasmid containing the Rs-Lys2 nucleotide sequence was propagated with a Quantum Prep Plasmid Midiprep kit (BioRad). The Rs-Lys2 fragment was then cut out with Xhol and XbaI (Takara Bio) and ligated into the same sites of the transfer vector (pV23, Katakura Industries), yielding pV23-Rs-Lys2 ( Figure 2C ). Rs-Lys2 cDNA was fused in-frame to the C-terminal FLAG tag sequence (Sigma-Aldrich). Recombinant Rs-Lys2 was produced by KaikoExpress (Katakura Industries, http://www.katakura.co.jp/research/ ke-top.htm) and purified with Anti-FLAG M2 Agarose Affinity Gel column (Sigma-Aldrich; see Supplemental Experimental Procedures).
RT-PCR for Endo-b-1,4-glucanase Gene Expression Analysis Total RNA was extracted from eggs dissected from two queens, legs of the queens, hind gut of a queen, salivary glands of 100 workers, and 20 eggs collected from the nest, with the NucleoSpin RNA II (Macherey-Nagel). We performed one-step RT-PCR to detect expression of an endogenous cellulase in termite, using a kit from QIAGEN according to the manufacturer's protocol, with the following primers [19] Detection of b-Glucosidase b-Glucosidase activity was assayed with p-nitrophenyl-b-D-glucoside (pNPbG) by standard methods [31] . Samples of salivary glands, eggs, and termite balls were homogenized in sodium acetate buffer (200 ml) on ice by grinding with a mortar and pestle and then centrifuged at 20,000 3 g for 10 min at 4 C. The supernatant was used as the enzyme extract. b-Glucosidase was assayed with a mixture (1 ml) containing 4 mM pNPbG, 50 mM sodium acetate buffer (pH 5.0), and 50 ml of enzyme solution. After incubation at 50 C for 30 min, the reaction was stopped by adding 1 ml of ice-cold 0.5 M Na 2 CO 3 , and the absorbance at 405 nm was recorded with a spectrophotometer (SmartSpec Plus, BioRad). One unit of b-glucosidase was defined as the release of 1 mmol of p-nitrophenol min 21 in the reaction mixture. Data were standardized as units per milligram (lyophilized dry weight) of each extract. To determine the localization of b-glucosidase, we also used the enzyme activity-based fluorescent probe TokyoGreen-bGlu [20] (Sekisui Medical). b-Glucosidase hydrolyses nonfluorescent TokyoGreen-bGlu into highly fluorescent TokyoGreen (Ex./Em. = 490/510 nm). For fluorescence imaging, TokyoGreen-bGlu was used at a concentration of 10 mM in 10 mM phosphate buffer (pH 7.0). Salivary glands and eggs were dissected from termites in phosphate buffer and then soaked in TokyoGreen-bGlu mixture for 30 min at 27 C. We added 0.4% Triton X-100 in buffer for insect eggs. Eggs of the Argentine ant were tested as a negative control. Fluorescence images were captured with a fluorescence microscope (BZ8000, Keyence).
Fungal Culture
The three strains of termite ball fungus used in this experiment were isolated from the egg piles of R. speratus in Okayama, Japan. Termite balls extracted from egg piles were inoculated onto PDA in Petri dishes 90 mm in diameter and incubated at 27 C for 20 days. One newly developed sclerotium was reisolated from each termite ball and cultured on a new PDA plate. Two mycelial plugs 5 mm in diameter were taken from the 1-month-old colony of each isolate and placed on either a new plate of plain PDA or on a plate of PDA containing termite nest material and incubated at 27 C for 20 days. The nest materials consisting of nest structure and nest wood were obtained from a nest of R. speratus in red pine wood, dried at room temperature, milled (MX-X41; National), and added to PDA at a concentration of 15% (w/v). Termite balls were harvested from each plate and used in enzyme assays and pheromone assays.
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